INTRODUCTION
============

The mechanisms of antidepressant treatment have not yet been elucidated. Antidepressant treatment is successful in only approximately 60% of cases, and even if the same antidepressant is administered to a patient, the therapeutic response is not consistent among depressive episodes, raising questions about the therapeutic mechanism. In addition, synaptic monoamine increases, which are a putative mechanism of antidepressant treatment, occur a few hours after administration of an antidepressant, but it takes from 2--8 weeks for the antidepressant effect to occur \[[@b1-pi-2019-06-20]\]. Thus, the mechanism of antidepressant treatment is not explained by the increased neurotransmitter alone. To address the delayed antidepressant effect, it has been suggested that downregulation of the somatodendritic monoamine autoreceptor, rather than the monoamine concentration itself, is a key mechanism underlying antidepressant efficacy \[[@b2-pi-2019-06-20]\]. Although the delayed response to antidepressant treatment has been described as a window of opportunity for receptor downregulation and neuroplasticity of brain structures, such as the hippocampus and prefrontal cortex, some observations offer new insights into the mechanisms of antidepressant action. These observations pertain to the efficacy of several treatment modalities that are much faster than other antidepressants: sleep deprivation, electroconvulsive therapy, and low-dose ketamine therapy.

FAST BUT TRANSIENT: KEYS TO SOLVE THE ENIGMA
============================================

There is growing evidence that a common therapeutic mechanism underlying the three fast-acting treatments is related to circadian rhythm. Evidence suggests that depressive disorder is associated with circadian rhythm and antidepressanteffect mechanisms are processes by which delayed circadian rhythm is returned to normal by the treatment. This may explain the mechanism of action of fast-acting anti-depressant therapies such as sleep deprivation, electroconvulsive therapy, and low dose ketamine treatment, all of which display an antidepressant effect in several hours to a few days. These three treatment methods have the commonality that they have a rapid, but short-term. Why does this happen? Recent studies have focused on circadian-rhythm normalization (advancing a delayed circadian rhythm) as a common feature of these therapies.

Sleep deprivation
-----------------

People with poor sleep can experience excessive daytime sleepiness, chronic fatigue, anxiety, cognitive dysfunction, and poor motor function. However, sleep deprivation in depressed patients can improve mood faster than any other treatment. Several mechanisms have been hypothesized to explain antidepressant effects associated with sleep deprivation \[[@b3-pi-2019-06-20]-[@b5-pi-2019-06-20]\]. Restoration of the circadian rhythm is at the forefront of the proposed mechanisms. Patients with major depression have circadian-rhythm abnormalities that aggravates their depression. Failure to normalize the circadian rhythm can lead to longterm consequences that are detrimental to physical and mental health. Hines et al. \[[@b6-pi-2019-06-20]\] suggest that increased glial signaling of adenosine (A1) receptors is largely responsible for the mood enhancement derived from sleep deprivation. Glial cells facilitate increased activation of synaptic A1 receptors, and the drug 2-chloro-N6-cyclopentyladenosine, an A1 adenosine receptor agonist, improves mood significantly \[[@b6-pi-2019-06-20]\].

Retinal photoreceptors entrain the circadian rhythm to the solar day. The photic resetting involves cAMP response element-binding protein (CREB)-mediated upregulation of Per genes within individual cells of the suprachiasmatic nuclei (SCN). By analyzing the light-regulated transcriptome of the SCN, Jagannath et al. \[[@b7-pi-2019-06-20]\] identified a key role of salt-inducible kinase 1 (SIK1) and CREB-regulated transcription coactivator 1 (CRTC1) in clock re-setting. An entrainment stimulus causes CRTC1 to coactivate CREB, inducing the expression of Per1 and Sik1. SIK1 then inhibits further shifts of the clock by phosphorylation and deactivation of CRTC1. Knockdown of Sik1 within the SCN results in increased circadian phase shifts and rapid re-entrainment to light. Thus, SIK1 provides negative feedback, acting to suppress the effects of light on the internal clock. The increased adenosine generated by sleep deprivation induces inhibition of Sik1 in SCN neurons. The decreased activity of Sik1 leads to the rapid entrainment to light; that is, rapid circadian advancement to re-alignment. This rapid circadian re-alignment could be the mechanism by which rapid antidepressant effects occur following sleep deprivation ([Figure 1](#f1-pi-2019-06-20){ref-type="fig"}).

Sleep deprivation can exert antidepressant effects in humans in less than 24 h. However, it is rarely used clinically because the effect disappears once the subject goes back to sleep.

Electroconvulsive therapy
-------------------------

Electroconvulsive therapy (ECT) is very effective for some patients with severe or refractory depression. In ECT, electrical stimulation is transmitted to the brain, causing seizures. These seizures help to relieve the symptoms of depression, but the mechanism of action is not well understood yet. Because the response to ECT is rapid, it is often used as a treatment for people with severe psychotic or suicidal depression. For these people, waiting for antidepressants or other treatments to take effect is highly undesirable. However, the drawback of ECT is that its effects usually do not persist, and additional or other treatments are usually needed \[[@b8-pi-2019-06-20]\].

Although the exact mechanisms of action of ECT have not yet been elucidated, several hypotheses have been suggested. Among these hypotheses, neuroendocrine theory, proposed by Fink and Ottosson \[[@b9-pi-2019-06-20]\], postulates that the antidepressant effect of ECT is due to the persistent release of hypothalamic substances that induce mood changes from depression to normal mood states, with concomitant modification of vegetative functions and improvement of disturbed sleep patterns. It is also assumed that ECT increases neurotransmission in general, normalizes neuroendocrine functioning, and increases neuronal and synaptic growth, leading to improved brain function in general and cognitive functioning, sleep, and mood in particular \[[@b9-pi-2019-06-20],[@b10-pi-2019-06-20]\].

In a study using actigraphy to determine the potential acute effects of ECT on sleep parameters, researchers found no difference in sleep quality between nights after ECT and other nights, neither in subjective nor objective parameters of the evaluation of actigraphy \[[@b11-pi-2019-06-20]\].

Circadian-rhythm normalization has been regarded as a possible mechanism underlying the antidepressant effect of ECT. Szuba et al. \[[@b12-pi-2019-06-20]\] reported that elevated body temperature in subjects with depression fell to normal following recovery after electroconvulsive therapy, suggesting that elevated body temperature is a state-specific correlate of depression. The 24-hour profile of temperature was significantly different in patients pre-ECT than in patients post-ECT or in controls. Post-ECT subjects and controls exhibited similar 24-hour temperature profiles. That is, ECT normalizes the timing and increases the amplitude of circadian temperature rhythm in patients with depression \[[@b12-pi-2019-06-20]\].

Kim et al. \[[@b13-pi-2019-06-20]\] demonstrated that electroconvulsive seizure (ECS) alters the expression and daily oscillation of circadian genes in the frontal cortex of rats. Specifically, circadian rhythms of expression were generally advanced after repeated ECS. However, their study was conducted in normal animals, not in animal models of depression with disturbances in circadian rhythm \[[@b13-pi-2019-06-20]\]. Therefore, it is difficult to confirm that delayed circadian rhythm in depression is advanced by ECS. In another study of patients with major depressive disorder who did not respond to pharmacological treatment, ECT resulted in a significant decrease in symptoms of depression and urinary excretion of 6-sulfatoxymelatonin, a metabolite of melatonin \[[@b14-pi-2019-06-20]\]. ECT often generated rapid initial antidepressant effects. Although these effects rapidly disappear, they gradually build over a full course of ECT, which leads to a more sustained antidepressant effect.

Ketamine
--------

The N-methyl-D-aspartate receptor (NMDAR) antagonist ketamine has attracted considerable interest in mental health research because of its rapid antidepressant action; however, its mechanism of action has remained elusive. Li et al. \[[@b15-pi-2019-06-20]\] examined 12,000 transcripts and found that key clock genes, essential for controlling virtually all body rhythms, had robust 24-hour sinusoidal expression patterns in six brain regions in control subjects. In patients with MDD, expression patterns of clock genes in the brain were significantly dysregulated when matched for time of day with controls. Some of the most robust changes have been observed in the anterior cingulate cortex (ACC). Structural abnormalities, lesion studies, and a large number of functional brain imaging studies indicate increased activation of the ACC in patients with depression, and there may be circadian dysregulation of clock gene expression in a subgroup of patients with MDD. Data from human, animal, and neuronal cell studies suggest that low-dose ketamine and sleep deprivation can modulate circadian rhythms \[[@b16-pi-2019-06-20]\]. These findings suggest that the rapid antidepressant actions of ketamine and SD may, in part, reset abnormal clock genes in MDD to restore and stabilize circadian rhythms. Conversely, clinical relapse may reflect desynchronization of the clock, indicating reactivation of an abnormal function of the clock gene.

Duncan et al. \[[@b17-pi-2019-06-20]\] examined the rapid antidepressant effects of ketamine on markers of circadian rhythm (amplitude and timing) in mood disorders using wrist actigraphy. The amplitude and timing of circadian activity at baseline, day 1, and day 3 after infusion of ketamine were measured in 51 patients with MDD or bipolar disorder. Compared with placebo and baseline, mood-independent decrease of the mesor was present on D1 after ketamine treatment. Mood-related circadian effects differed between fast responders and non-responders at day 1 and 3. At baseline, an advanced circadian phase and a lower-level of activity distinguished subsequent responders from non-responders. On day 1, non-responders to ketamine had a lower mesor and a blunted 24-hour amplitude compared to baseline. The difference in activity level between responders and non-responders at baseline reversed by day 3, with 17% higher activity levels in responders than in non-responders. Responders had a greater amplitude and more activity than non-responders. The results revealed a link between the clinical antidepressant effects of ketamine and the circadian rhythm. The results suggest that trait-like circadian activity patterns are markers for a rapid mood-response to ketamine, and that mediators of continuing ketamine-induced mood changes include altered timing and amplitude of the circadian system \[[@b17-pi-2019-06-20],[@b18-pi-2019-06-20]\].

Orozco-Solis et al. \[[@b19-pi-2019-06-20]\] compared the effect of ketamine treatment and SD on gene transcription in the anterior cingulate cortex (the focus of circadian dysfunction in depressive disorders) in mice. In addition to demonstrating similar antidepressant effects of both interventions via the forced swimming test, they identified 64 genes whose expression is influenced by both ketamine and SD. Using the Ontology Gene Database and the Encyclopedia of Kyoto Genes and Genomes, these genes were ranked according to molecular function and interrogated to determine under-representation or overrepresentation of particular functional groups. The results of this analysis revealed genes involved in neuronal plasticity, synaptic transmission, neurological development, and cell signaling. Enrichment analysis of gene sets was used to identify the biological functions associated with the genes. This highlighted the role of circadian rhythm, with five transcripts of circadian genes downregulated by both ketamine and SD. The researchers hypothesized that ketamine affects circadian gene transcription through its inhibitory actions on the CLOCK/BMAL1 heterodimer (which itself drives clock-gene transcription), and that sleep deprivation may work similarly. This putative mechanism for a circadian gene reset is also a mechanism that may, at least in part, explain the rapid antidepressant effects of ketamine.

Recently, Yang et al. \[[@b20-pi-2019-06-20]\] showed that the blockade of NMDAR-dependent disruption activity in the lateral habebula (LHb) governs the rapid antidepressant actions of ketamine in rat and mouse models of depression. LHb neurons significantly increase burst activity and theta-band synchronization in depressive-like animals, which is reversed by ketamine. The researchers suggested a simple model, whereby ketamine quickly elevates mood by blocking NMDAR-dependent bursting activity of LHb neurons to disinhibit downstream monoaminergic reward centers, thereby providing a framework for developing new rapid-acting antidepressants. However, there is an alternative interpretation of this result. The main circadian clock in mammals is located in the hypothalamic suprachiasmatic nucleus (SCN), but central timing mechanisms are also present in brain structures other than the SCN. LHb is known for its important role in regulation of the monoaminergic system. Since monoaminergic systems show circadian rhythm, it is possible that the role of the LHb clock is to modulate the rhythmic activity of the dopamine, serotonin, and norepinephrine systems and associated behaviors. Thus, disturbances of circadian activity in LHb could, in part, cause these rhythmic alterations in mood disorders \[[@b21-pi-2019-06-20],[@b22-pi-2019-06-20]\]. Given the role of LHb, NMDAR-dependent LHb-blocking neuronal activity that leads to disinhibition of downstream monoaminergic centers can be interpreted differently: The blocking activity of ketamine in the LHb neuron may induce the resetting of circadian misalignment to circadian normality.

WHY DOES DEPRESSION RAPIDLY RELAPSE?
====================================

Why do depressive episodes relapse after a fast, transient treatment response? Evidence is accumulating for an association between circadian misalignment and disordered mood. Delayed circadian phase may be a core pathophysiological mechanism underlying depressive episodes. My group suggests that acute mood episodes of mood disorders are related to circadian misalignment between the individual's endogenous circadian rhythms and the individual's physical environment. We have found that acute manic episodes are usually associated with biochemical circadian rhythm acrophases averaging 7 hours more advanced (earlier) than those of controls, although these acrophases could also result from a 17 hour clockwise delay. Mixed manias are phase-delayed by 6 hours, whereas depression is associated with 4--5 hour phase delays compared to controls. The phase shift in the circadian rhythm is normalized before the patient is discharged. The length of hospital stay varies from two weeks to three months; normalization of circadian rhythm requires time \[[@b23-pi-2019-06-20]\].

The circadian clock is self-sustained or endogenous--circadian rhythms persist even in the absence of environmental inputs. The circadian rhythm is entrainable by external zeitgebers, but this is generally difficult, and needs considerable time. In particular, even though the transient circadian rhythm may be advanced in a certain brain region by fast-acting antidepressants, the treatment effect is not sustained unless the individual's endogenous circadian rhythm is completely normalized. Because the most powerful zeitgeber is light, it is very important to retain regular life patterns that follow a day/night cycle in order to restore normal circadian rhythm. Light therapy for normalizing circadian misalignment is also important, especially in depression during winter \[[@b24-pi-2019-06-20]\].
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![Light from retina entrains the circadian rhythm according to light/dark cycles. The photic reset involves upregulation of Per genes induced by the CREB protein within individual cells of SCNs. By analyzing the light-regulated SCN transcriptome, Jagannath et al. \[[@b7-pi-2019-06-20]\] identified a key role for SIK1 and CRTC1 in the readjustment of the internal clock. An entrainment process causes CRTC1 to coactivate CREB, inducing the expression of Per1, 2 and Sik1. SIK1 then inhibits the subsequent shifts of the clock by phosphorylation and deactivation of CRTC1. Sleep deprivation induces an increase in adenosine signaling in A1R, which inhibits Sik1 in the SCN, and may advance the rapid re-entrainment of circadian rhythm by advancing the delayed rhythm that is present in the clinically depressed state. A1R: adenosine A1 receptor, CRE: cAMP responsive element, CREB: CRE binding, CRTC1: CREB1-regulated transcription coactivator, SCNs: suprachiasmatic nuclei, SIK1: salt-inducible kinase 1.](pi-2019-06-20f1){#f1-pi-2019-06-20}
